Lymphatic vessels are essential for the uptake of fluid, immune cells, macromolecules, and lipids from the interstitial space. During lung transplant surgery, the pulmonary lymphatic vessel continuum is completely disrupted, and, as a result, lymphatic drainage function is severely compromised. After transplantation, the regeneration of an effective lymphatic drainage system plays a crucial role in maintaining interstitial fluid balance in the lung allograft. In the meantime, these newly formed lymphatic vessels are commonly held responsible for the development of immune responses leading to graft rejection, because they are potentially capable of transporting antigen-presenting cells loaded with allogeneic antigens to the draining lymph nodes. However, despite remarkable progress in the understanding of lymphatic biology, there is still a paucity of consistent evidence that demonstrates the exact impacts of lymphatic vessels on lung graft function. In this review, we examine the current literature related to roles of lymphatic vessels in the pathogenesis of lung transplant rejection.
The lymphatic system is a specialized component of human vasculature that comprises an elaborate network of vessels in which lymph fluid flows unidirectionally toward the heart. Lymphatic vessels are integral for the uptake of fluid, macromolecules, immune cells, and lipids from the interstitial space (1) . The formation of lymphatic vessels, or lymphangiogenesis, is critical during embryonic development; however, it should generally be quiescent in adults except in certain conditions, such as inflammation, tumor metastasis, and wound healing (2) (3) (4) . Studies spanning multiple organ types have indicated that lymphatic vessels are also associated with induction of allograft tolerance as well as rejection after transplantation.
Lung transplantation is the only viable option for patients suffering from otherwise untreatable end-stage pulmonary diseases, including chronic obstructive pulmonary disease (COPD), cystic fibrosis, and pulmonary fibrosis (5) . Although the lung graft survival rate has improved gradually over time, the long-term outcomes after lung transplantation lag considerably behind those of other solid organ transplantations (6) . Despite prophylactic immunosuppression, acute rejection still occurs in the first postoperative year in approximately half of lung transplant recipients, who will ultimately succumb to bronchiolitis obliterans syndrome or chronic allograft rejection within 5 years after transplant (7) . Lung transplantation restores respiratory airflow and vascular circulation of the graft through airway, pulmonary arterial, and venous anastomoses, although the morphological and functional integrity of the graft are not entirely preserved (8) . The pulmonary lymphatic vessels are vital anatomical structures indispensable for pulmonary physiology, but they are inevitably interrupted during transplant surgery, and, as such, their functions are utterly compromised ( Figure 1A ).
During the past 2 decades, great strides have been made in elucidating the consequences of lymphatic vessel dysfunction and the therapeutic implications of promoting or inhibiting lymphatic vessel regeneration in various pathological conditions (9) . Despite tremendous progress in the understanding of lymphatic biology, a key question remains unresolved: how exactly does lymphatic drainage affect lung graft function? In this review, we highlight findings that show a critical link between lymphatic vessels and outcomes of lung transplantation.
Lymphatic Vessels and Pulmonary Fluid Transport
The network of pulmonary lymphatic vessels is uniquely designed to drain extravasates from capillary beds and is integral to the maintenance of tissue fluid homeostasis. The initial lymphatics, also known as lymphatic capillaries, are the entry points for lymph fluid to the lymphatic system (10) . Structurally, they are closed-ended microvessels composed of a single layer of overlapping oak leaf-shaped lymphatic endothelial cells (LECs) (11) . The initial lymphatics lack a continuous basement membrane and are not surrounded by pericytes, but they are directly attached to the adjacent tissues via anchoring filaments to maintain vessel patency (12) . Running along respiratory bronchioles, the initial lymphatics gradually merge into progressively larger muscular collecting lymphatics and ultimately drain into the right lymphatic duct and the thoracic duct (10) . Under physiological conditions, continuously generated transcapillary fluid is efficiently drained through lymphatics ( Figure 1B ). When capillary fluid efflux is increased and/or lymphatic drainage is diminished, microvascular filtration exceeds lymphatic transport capacity, thereby causing edema ( Figure 1C ). Both of these two issues are tightly associated with lung transplant.
Lungs retrieved from brain dead organ donors are still the major source of lung grafts (13) . Multiple studies suggest that before lung procurement, brain death initiates a complex process including hemodynamic, inflammatory, and sympathetic changes in the lung, which lead to elevated pulmonary capillary pressure and increased capillary barrier permeability (14) . It has also been shown that alveolar macrophages are activated in response to brain death, and their long-term presence in the grafts after lung transplantation could contribute to fluid retention through pathological cellular crosstalk with alveolar epithelial cells (15) (16) (17) . Worse still, the severed lymphatic vessels from donor lungs are not surgically reconnected to the 
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recipients', due to technical limitations. Consequently, there is a complete disruption of lymphatic flow. Indeed, during the first postoperative week, patients oftentimes develop pulmonary edema (18) . Notably, studies have shown in mouse and canine lung transplant models that spontaneous recovery of pulmonary lymphatic flow between lung grafts and lymph nodes occurs in the second to the third post-transplant week in the absence of rejection (19) (20) (21) . This explains that clinically, pulmonary edema gradually resolves on its own in most lung transplant recipients when rejection is properly controlled. In contrast, 10 to 25% of lung recipients develop primary graft dysfunction, a devastating condition characterized by severe lung edema with diffuse alveolar injury (22) . The underlying pathomechanism of persistent edema in primary graft dysfunction is not completely understood and might be associated with interruption of normal lymphatic flow (23).
In addition to its direct physical impact on alveolar space, the edema fluid contains potent surfactant inhibitors such as albumin and fibrinogen, which induce collapse of the alveoli (24) . Consequently, there are significant alterations of gas exchange capacity, and lung function is inevitably impaired. There have been multiple preclinical studies examining the efficacy of therapeutic lymphangiogenesis in facilitating the resolution of edema. In particular, therapeutic lymphangiogenesis is achieved by application of exogenous vascular endothelial growth factor (VEGF)-C, a member in the VEGF family that activates VEGF receptor (VEGFR)-2 and -3. Local administration of plasmid DNA encoding VEGF-C leads to reduced lymphedema by inducing lymphangiogenesis in a rabbit ear and a mouse tail model (25) . Likewise, adenoviral vector-mediated gene transfer of VEGF-C has been shown to restore lymphatic vessel functionality and promote lymphatic drainage in a porcine lymphedema model (26) . To avoid potential angiogenic effects and blood vessel leakiness, mutant forms of VEGF-C with exclusive binding affinity for VEGFR-3 on LECs (human VEGF-C156S or rat VEGF-C152S) have been tested and shown to increase lymphangiogenesis in a lymphedema mouse model and a rat myocardial infarction model, resulting in improved fluid balance (27, 28) .
Conversely, deletion of VEGF-C in mice results in prenatal death with lymphatic vessel defects and severe fluid retention (29) , and inhibition of VEGFR-3 signaling causes conspicuous edema in mouse models of chronic airway and intestinal inflammation (2, 30) . Although not directly tested in the setting of lung transplantation, the evidence above clearly favors the use of interventions that restore physiological lymphatic flow after lung transplant to control interstitial fluid volume and possibly reverse post-transplant lung edema.
Lymphatic Vessels and Immune Responses
The lung is constantly exposed to a large number of inhaled foreign antigens. To minimize the damaging impacts caused by such challenges, the lung has evolved to form tightly controlled immune responses to preserve its integrity (31) . After lung transplantation, however, the induction of alloimmune responses against donor lung tissue should be dampened to achieve long-term graft survival.
Along with maintaining fluid equilibrium, lymphatic vessels also fulfill prominent roles in regulating immune responses by transporting soluble antigens and leukocytes (32) . The role of lymphatic vessels in lung transplant rejection remains a much-debated topic, the complexity of which is highlighted by findings that lymphatic vessels could be either pathogenic or protective (Table 1) . Current knowledge about the functions of lymphatic vessels in transplant immunology is generally gained from observations made in corneal transplant. After corneal transplantation, lymphangiogenesis develops and provides a conduit for antigen-presenting cells (APCs) trafficking from grafts to adjacent lymph nodes, which elicits alloimmune responses and exacerbates allograft rejection (33) . Accordingly, inhibiting postoperative lymphangiogenesis improves corneal graft survival (34) .
Different from vascularized solid organs, such as lung and heart, the cornea is (74) No change in the density of Podoplanin 1 lymphatic vessels in sequential transbronchial biopsies before and after alleviation of acute rejection (19) Increased density of PROX-1 1 lymphatic vessels in transbronchial biopsies from patients with acute rejection (75) Definition of abbreviations: CLAD = chronic lung allograft dysfunction; LYVE = lymphatic vessel endothelial hyaluronan receptor; PROX = Prospero Homeobox; VEGF = vascular endothelial growth factor; VEGFR = vascular endothelial growth factor receptor.
an immune-privileged tissue devoid of blood and lymphatic supplies under normal conditions (35) . Therefore, experimental findings that indicate the deleterious impacts of increased lymphatic vessel growth and the overwhelming benefits of blocking lymphangiogenesis in corneal transplant rejection might not be completely applicable to other transplant settings. For example, sequential biopsies reveal that human kidney grafts with a density of lymphatic vessels higher than 6.5/mm 2 within areas of cellular infiltrates have better kidney functional outcomes than those with lower lymphatic vessel density 1 year after transplantation (36) . Similarly, human cardiac allografts with higher densities of lymphatic vessels half a month after transplant are less susceptible to severe rejection during the first postoperative year (37) . In addition, rejection in a rat heart allograft transplantation model is associated with decreased lymphatic vessel density and increased cellular infiltrates (38) . Previous research in other organs is further supported by our recent observation that the absence of lymphatic vessels is linked to immune cell infiltration and graft failure in an orthotopic mouse lung transplant model (19) .
Interestingly, preclinical studies suggest that severe rejection, characterized by diffuse infiltrates of mononuclear cells, could be detected within the first postoperative week (39, 40) , although lymphatic continuity between lung grafts and draining lymph nodes is not reestablished until a later stage (20) . Furthermore, experimental findings from both mouse and canine lung transplant models suggest that there is minimal pulmonary lymphatic drainage when rejection takes place (19, 20) . The chronological sequence clearly depicts that immune cell infiltration and rejection occur before restoration of lymphatic continuum. Because the severance of lymphatic vessels inevitably blocks the route of APCs to the recipient's lymph nodes, how is the antigenic material from the lung grafts presented in the first place to initiate the immune responses? In mouse cardiac transplantation, secondary lymphoid organs from the recipient are indispensable in the initiation of graft rejection (41) . Different from the heart, a previous study shows that antigenloaded APCs are able to directly prime T cells in the lung without traveling to the draining lymph nodes (42) . Furthermore, it is recently reported in an orthotopic mouse lung transplant model that acute lung rejection still occurs in recipients completely devoid of secondary lymphoid organs (43) , providing a compelling argument that the presence of lymphatic vessels is not necessary for acute lung rejection.
A considerable amount of current literature shows the potential of prolymphangiogenic therapy in restraining immune response rather than perpetuating it. For instance, transgenic delivery of VEGF-C or intracutaneous administration of VEGF-C156S recombinant protein prevents inflammatory cell infiltration in skin inflammation (44, 45) . Similarly, stimulating lymphangiogenesis effectively attenuates inflammation associated with myocardial infarction and colitis (28, 30) . In contrast, inhibition of lymphangiogenesis is associated with retention of inflammatory cells within the site of injury (30) . Consistent with the above findings, we recently showed that therapeutically induced lymphangiogenesis via VEGF-C156S effectively alters the inflammatory milieu associated with lung rejection by reducing the number of macrophages and T cells in the grafts (19) . All the evidence collectively supports the notions that inadequate lymphatic drainage contributes to abnormal cellular infiltration, and prolymphangiogenic therapies modulate immune cell infiltration and mitigate the alloresponse.
Lymphatic and Hyaluronan Drainage
Hyaluronan (HA), also called hyaluronic acid, is a naturally occurring glycosaminoglycan. It is a key component of extracellular matrix abundantly distributed throughout the body. Physiologically, HA is produced as a high-molecular-weight (HMW) polymer at the plasma membrane by HA synthases 1, 2, and 3 (46) . In response to tissue damage, the large linear polymers of HA can be broken down by hyaluronidases and/or reactive oxygen species into low-molecular-weight (LMW) bioactive fragments (47) . HA serves miscellaneous, sometimes conflicting, functions, and its properties are distinctively influenced by its size. HMW-HA (.500 kD) is essential for lung interstitium by providing the structural integrity for normal lung tissue (48) . In addition, experimental studies have shown that HMW-HA is protective against lung injury induced by smoke inhalation and sepsis (49, 50) . On the other hand, LMW-HA (,500 kD) functions as a danger signal to trigger a perpetual sequence of inflammatory responses via CD44 and tolllike receptors 2 and 4 (46, 51). As a result, a host of proinflammatory mediators, such as monocyte chemoattractant protein-l and CC chemokine ligand 5, accumulate and further exacerbate the initial injury (52) .
Elevated HA presence has been demonstrated in several lung disorders, such as asthma, pulmonary fibrosis, and COPD (53) (54) (55) . It has also been shown that there is augmented HA deposition and fragmentation in plasma, bronchoalveolar lavage fluid, and lung tissue from patients with acute and chronic lung transplant rejection (19, (56) (57) (58) (59) (60) , although HA production could be efficiently reduced by corticosteroids (61) . The significance of HA in lung transplant rejection is further substantiated by findings that not only is LMW-HA directly connected to maturation of dendritic cells and disruption of established tolerance (59, 60) but also blockage of LMW-HA clearance aggravates the rejection response (19) . In addition, HA is a hydrophilic molecule and functions to regulate water homeostasis. Accordingly, prolonged HA deposition causes notable water immobilization and may further exacerbate the initial tissue edema in the lung grafts.
Other than draining interstitial tissue fluid and transporting immune cells, lymphatic vessels preserve HA equilibrium by clearing HA fragments. In fact, approximately 85% of HA turnover takes place through lymphatics. HA binds to lymphatic vessel endothelial hyaluronan receptor (LYVE)-1 on LECs and is subsequently carried away via lymphatic vessels to be catabolized in lymph nodes and liver (62, 63) . A recent study shows that vigorous uptake of HA by LECs depends on an abundant presence of LYVE-1 for durable engagement and that multiple LYVE-1 receptors are needed to secure the HA binding process (64) .
Interestingly, the heightened presence of LMW-HA during acute lung injury is only temporary and resolves spontaneously over time when there are a sufficient number of LYVE-1-positive lymphatic vessels and intact lymphatic continuum (65, 66) . In contrast, lung rejection is manifested by a persistent and progressive buildup of LMW-HA,
STATE OF THE ART
suggesting that there may be deficient LMW-HA removal in rejected lung grafts. We have recently shown in an orthotopic mouse lung transplant model that there is a pronounced loss of pulmonary lymphatic vessels immunopositive for LYVE-1, VEGFR-3, and Prospero Homeobox (PROX)-1 (markers of LECs) along with aberrant accumulation of LMW-HA during allograft rejection. Moreover, therapeutic stimulation of lymphangiogenesis with VEGF-C156S suppresses established lung rejection and promotes LMW-HA clearance from the rejected lung grafts. As further evidence, blocking HA from binding to LYVE-1 via LYVE-1 function-blocking antibodies results in failed LMW-HA removal through lymphatic vessels and nullifies the therapeutic benefits generated by VEGF-C156S (19) . Collectively, these findings underscore the detrimental impacts of LMW-HA accumulation on lung graft survival and the essential role of functional lymphatic vessels in HA clearance.
Future Perspectives
There has been remarkable progress in the identification of lymphatic-specific markers, characterization of LECs, and understanding of lymphatic function. These exceptional discoveries lead to the continued unraveling of mechanisms regulating physiological and pathological development of lymphatic vasculature. It is clear from the foregoing description that research into lung rejection may also benefit directly from enhanced insights into the complex biology of lymphatics.
Lymphatic imaging is a valuable approach for experimental research and clinical investigation of various medical conditions (67) . Compared with conventional imaging modalities, including computed tomography and magnetic resonance imaging, multiphoton intravital microscopy (MP-IVM) possesses an unrivalled ability to continuously monitor biological events at the cellular level, and it is rapidly expanding our knowledge of the immune system (68) . Its application has already generated substantial impacts on lung transplant research regarding neutrophil trafficking behaviors (69) . Together with the use of transgenic lymphatic reporter mice, MP-IVM could be a promising technique for real-time exploration of the distinct attributes of lymphatics in the lung. In addition, MP-IVM will be a powerful tool to decipher the origin of LECs in lung grafts. Determination of their origin not only provides us with clues about their changes during rejection but also is extremely useful to evaluate the effects of prolymphangiogenic therapy.
It is worth mentioning that therapeutically induced lymphatic regeneration through pharmacological treatments may take days or even weeks to be fully functional and is not able to reestablish the lymphatic continuum immediately after surgery to save the lung grafts from the initial injury. Nonetheless, identification and preclinical testing of small molecules with potent prolymphangiogenic properties could improve our understanding regarding roles of the lymphatic vasculature in acute allograft rejection and advance the drug development process, with possible patient application in a wide spectrum of diseases.
It is not known whether anastomosis between donor and recipient lymphatic vessels could be beneficial for lung graft survival, but much could be learned from the surgical breakthrough that physically reconnects lymphatic vessels during intestinal transplant. Preclinical studies have demonstrated that microsurgical lymphatic reconstruction improves the long-term survival of small bowel grafts (70, 71) . Similar to the lung, the gastrointestinal tract is constantly challenged by a diversity of foreign antigens (72) . Because the efficacy of lymphatic anastomosis has been shown in intestinal transplantation, it is entirely conceivable that comparable benefits could be achieved in lung transplant as well. Therefore, future experimental endeavors should focus on developing a microsurgical lung transplant model with reestablished lymphatic drainage and examining the significance of such physiological connection.
Conclusions
In summary, accumulating evidence demonstrates that acute lung rejection develops in the absence of secondary lymphoid organs, and therapeutic induction of lymphangiogenesis could be beneficial for lung graft survival. Future investigations that use modern imaging modalities will shed light on the changes of lymphatics during lung transplant rejection. Finally, strategies to promptly restore physiological pulmonary lymphatic drainage by potent prolymphangiogenic molecules or surgical interventions may serve as valid therapeutic options to improve outcomes in recipients of lung transplants. n Author disclosures are available with the text of this article at www.atsjournals.org.
